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Abstract
Characterizing atmospheres beyond our Solar System is now within our reach.
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It is a distracting, inconvenient coincidence that we are liv-
ing in times of paradigm-shifting astronomical discoveries over-
shadowed by the deepest financial crisis since the Great Depres-
sion. Amid a battery of budget cuts, the astronomical commu-
nity has discovered more planets outside of our Solar System—
called extrasolar planets or simply exoplanets—in the past decade
than in previous millennia. In the last couple of years alone, the
Kepler Space Telescope has located more than 2,000 exoplanet
candidates, including Earth-sized ones potentially capable of
sustaining liquid water, demonstrating the ease at which nature
seems to form them and hinting that we may be uncovering the
tip of an iceberg. Discovering and characterizing distant, alien
worlds is an endeavor no longer confined to the realm of science
fiction.
In tandem with numerous surveys of the night sky performed
from the ground, the Hubble, Kepler and Spitzer Space Tele-
scopes observe the universe from outside of Earth’s atmosphere.
These devices detect an exoplanet by recording the diminution
of light as the body, residing in an edge-on orbit, passes in front
of its host star. In the past few years, astronomers also have
achieved the remarkable feat of measuring the diminution of
light as the exoplanet passes behind its star, known as the sec-
ondary eclipse. In other words, astronomical techniques have
advanced to the point where we can detect a star masking the
light from its exoplanet, which is a demonstrably small effect—
at most a few parts in a thousand in the infrared and much
smaller in the optical range of wavelengths. During a secondary
eclipse, the light from an exoplanetary system originates only
from the star, and these data can be used to subtract out the
starlight when the exoplanet is not eclipsed. All that remains is
the light of the exoplanet and its atmosphere (if it exists). Such a
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technique has enabled astronomers to make the first detections
of the light directly emitted by an exoplanet, which typically
appears at its brightest in the infrared.
Measuring transits and eclipses at several different wave-
lengths allows one to construct a spectrum of the exoplanetary
atmosphere, of which a spectral analysis yields its composition
and elemental abundances. (A spectrum describes the range of
colors of the photons emanating from the exoplanet, but it gen-
erally extends beyond what our eyes can see toward both shorter
and longer wavelengths.) In some cases, astronomers were able
to record the ebb and rise of the brightness of the exoplanet
as it orbits its parent star, otherwise known as the phase curve.
An inversion technique, developed by Nick Cowan of North-
western University and Eric Agol of the University of Wash-
ington, allows one to convert the phase curve into a “brightness
map,” which is the latitudinally averaged brightness of the ex-
oplanet across longitude. Recent work by the same researchers
has yielded two-dimensional information on the brightness of
the exoplanet HD 189733b as a function of both latitude and
longitude. In other words, we have started to do cartography on
exoplanets!
Tidal Locks
The first studies of exoplanetary atmospheres were performed
on a class of objects known as hot Jupiters. A combination of
the transit technique with a measurement of the radial veloc-
ity (which is the gravitational wobble of a star as its exoplanet
orbits around their common center of mass) yields the radius
and mass of a hot Jupiter, respectively, and reveals that they are
similar in these aspects to our own Jupiter. The startling differ-
ence is that hot Jupiters are found about a hundred times closer
to their parent stars than Jupiter, which raises their surface tem-
peratures to between 1,000 and 3,000 degrees Kelvin. With
spatial separations of a hundredth to a tenth of an astronomi-
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cal unit (the average distance from the Earth to the Sun) from
their stars, the discovery of hot Jupiters caught the astronomi-
cal community by surprise, because their existence was neither
predicted from astrophysical theory nor subsequently explained
by it.
Their large sizes render hot Jupiters easier to observe and
thus the most obvious laboratories for extrasolar atmospheric
studies. Furthermore, the belief that their atmospheres are dom-
inated by molecular hydrogen—which is consistent with the
densities of the exoplanets, inferred from the astronomical ob-
servations to be about 1 gram per cubic centimeter—offers some
hope that the atmospheres are primary, reflecting the composi-
tion of the primordial nebulae from which they formed, rather
than secondary and reprocessed by geological mechanisms (such
as on Earth).
Given enough time, an exoplanet’s position and rotation
tend to relax toward a state of minimum energy—a spin syn-
chronized state, such that one hemisphere of the exoplanet al-
ways faces its parent star with the other hemisphere shrouded
in perpetual darkness. The characteristic time scale associated
with this process is typically 1,000 times less than the age of
the star. (As a more familiar example, the Moon is in a spin
synchronized state with respect to the Earth, notwithstanding
its tiny rotational corrections called librations.) In other words,
one hot Jovian day is equal to one hot Jovian year. The unfamil-
iar configuration of permanent day- and night-side hemispheres
on hot Jupiters opens up an unexplored regime of atmospheric
circulation with no precedent in the Solar System and motivates
theoreticians to test their tools in unfamiliar territory.
Understanding these hot Jovian atmospheres requires clar-
ifying the complex interplay between irradiation, atmospheric
dynamics, chemistry and possibly magnetic fields. On the most
irradiated hot Jupiters, the exoplanet viewed from the poles re-
sembles a sphere painted half white and half black—the phase
curve is a sinusoidal function that peaks at secondary eclipse
and becomes dimmest at transit. Any shift of this peak from its
reference point at secondary eclipse may be interpreted as be-
ing due to the presence of horizontal winds in the atmosphere,
which act to transport heat from the day- to the night-side hemi-
sphere. This angular shift was first measured for an exoplanet,
the hot Jupiter HD 189733b, by Heather Knutson of the Califor-
nia Institute of Technology and her collaborators, who reported
a peak shift of about 30 degrees east—in the direction of rota-
tion. This angular shift was also measured for the hot Jupiters
Ups And b (by Ian Crossfield of the University of California at
Los Angeles and his collaborators) and WASP-12b (by Cowan
and his collaborators).
Other astronomers continue to push the envelope. Ignas
Snellen of Leiden University and his colleagues, using the ground-
based European Very Large Telescope (VLT), used a technique
called absorption spectroscopy to measure the speed of the hor-
izontal winds on the hot Jupiter HD 209458b. The technique
compares the relative size of the exoplanet across a range of
wavelengths. At a wavelength where an atmospheric atom or
molecule is the most absorbent, the exoplanet appears larger.
By monitoring the shift in wavelength of an absorption line
of carbon monoxide, the group determined that HD 209458b’s
winds clock in at about 2 kilometers per second, roughly 100
times faster than those on Earth. More attempts to measure
atmospheric wind speeds are in the works, and these measure-
ments remain at the cutting—if not the bleeding—edge of what
astronomers can achieve.
New Languages
The importance of these discoveries to astronomy cannot be
overstated—they signal the dawn of exoplanetary meteorology,
or at least legitimize its study in the eyes of astronomers and
astrophysicists.
Astronomers now possess a tool kit not only to measure the
masses and sizes of exoplanets but also to characterize their at-
mospheric dynamics and chemistry. Besides galvanizing the
astronomical community, this newfound field is starting to ex-
ert a profound sociological impact on related fields of study:
atmospheric and climate science, geophysics and planetary sci-
ence. It marks the first great confluence of these fields with
astrophysics, a gathering of scientists with different scientific
and modeling philosophies, which is especially evident at inter-
disciplinary conferences where we struggle to understand one
another’s jargon. Atmospheric and climate scientists, as well as
geophysicists, are firmly grounded in a data-rich regime, living
within the system they study. Awash in an abundance of data
from the terrestrial atmosphere and the geological record, no
single model is capable of accounting for all of the observed
phenomena. Instead, a hierarchy of models with different de-
grees of sophistication is utilized, with each model isolating
key pieces of physics. The strategy is to first divide and con-
quer, then to unify and rule.
The knowledge gleaned from studying Earth and the Solar
System planets serves as an invaluable guide, but there is a cau-
tionary tale to be told. As a rule of thumb, there are two char-
acteristic length scales describing an atmosphere: the Rhines
length is the typical width of zonal (east-west) jets, whereas the
Rossby length is the typical size of vortices or eddies. For So-
lar System objects, both length scales are much smaller than
planetary radii. On close-in exoplanets, the Rhines and Rossby
lengths are comparable to exoplanetary radii, implying that the
atmospheric features are global in extent, an expectation that is
borne out in three-dimensional simulations. The atmospheres
of close-in exoplanets are thus in a circulation regime that is
unprecedented in the Solar System. Atmospheric circulation
simulations therefore have to be global instead of local, and
other physical implications—such as the mixing of atmospheric
constituents and its effect on the spectral appearance of the
exoplanet—remain to be fully understood.
The study of exoplanets is essentially confined to the scrutiny
of point sources in the night sky. Although we may obtain de-
tailed spectral and temporal information on these point sources,
the procurement of detailed spatial information remains a grand
challenge for posterity. Planetary scientists benefit from the
ability to obtain photographs of the Martian surface and Jo-
vian weather patterns, a privilege unavailable to astrophysicists.
It is important to recognize that astrophysicists are therefore
trapped in a data-poor regime, with its myriad restrictions on
how to construct models and interpret data. When faced with
multiple explanations that are consistent with a given data set,
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astrophysicists often apply the principle of Occam’s Razor: In
the absence of more and better data, the simplest explanation is
taken as the best one. To put it more tongue-in-cheek, one aims
to be roughly accurate rather than precisely wrong. The need
to recalibrate our scientific expectations and philosophies lies
at the heart of this confluence of expertise.
From studying the atmospheres of Earth and the Solar Sys-
tem planets, researchers have realized that atmospheres are com-
plex entities subjected to positive and negative feedback loops,
exhibiting chemical, dynamical and radiative signatures over
a broad range of time scales. Isaac Held of the Geophysical
Fluid Dynamics Laboratory in Princeton, New Jersey, has ar-
gued that to truly understand these complex systems, one has to
construct a hierarchy of theoretical models. These simulations
range from one-dimensional, pen-and-paper models that isolate
a key piece of physics to full-blown, three-dimensional gen-
eral circulation models (GCMs)—used for climate and weather
forecasting—that incorporate a complicated soup of ingredients
to capture the intricate interactions between the atmosphere,
land and oceans on Earth. For instance, GCMs concurrently
solve a set of equations (called the Navier-Stokes equation)
that treat the atmosphere as a fluid, along with a thermody-
namic equation and diverse influencing factors such as orog-
raphy (mountain formation) and biology. Many of these in-
tricacies are unwarranted in theoretical investigations of exo-
planetary atmospheres, and thus one of the key challenges is to
realize how and when to simplify an Earth-centric model.
Whether knowingly or unknowingly, a hierarchy of one- to
three-dimensional theoretical models has emerged in the astro-
physical literature. Because the treatment of hot Jupiters and
brown dwarfs—substellar objects not massive enough to sus-
tain full-blown nuclear fusion at their cores—share several sim-
ilarities, many of the pioneering models (by researchers such
as Adam Burrows of Princeton University and Ivan Hubeny of
the University of Arizona) were carried over from the latter to
the former class of objects. Furthermore, the early models fo-
cused on the spectral appearance of hot Jupiters, with the most
sophisticated variants borrowing from an established technique
in atmospheric and climate science known as abundance and
temperature retrieval. Given the spectrum of an exoplanet, this
technique obtains the atmospheric chemistry and temperature-
pressure profile consistent with the data. In the case of the
hot Jupiter WASP-12b, Nikku Madhusudhan of Yale University
and his collaborators inferred, using the retrieval technique, that
the exoplanet possesses a carbon-to-oxygen ratio at least twice
that of its star. If this result is confirmed—and the carbon-to-
oxygen ratio is measured for other exoplanets—it offers a valu-
able link between the properties of an exoplanetary atmosphere
and the formation history of the exoplanet.
Astrophysicists have been quick to realize that atmospheric
chemistry and dynamics intertwine in a nontrivial manner to
produce the observed characteristics of a hot Jupiter. Adam
Showman, a planetary scientist at the University of Arizona, be-
came one of the first researchers to harness the power of GCMs
in studying hot Jovian atmospheres. Several other researchers
from the astrophysical community (including myself) followed
soon after. My collaborators and I generalized a benchmark
test, which solves for the basic climatology of a (exo)planet
using two methods of solution, to hot Jupiters. The transport
of heat from the day-side to the night-side hemisphere of a
spin synchronized exoplanet is—by definition—at least a two-
dimensional problem. For extrasolar gas giants, the character-
istic time scale on which the atmosphere reacts to such radia-
tive disturbances spans many orders of magnitude, thus neces-
sitating its theoretical consideration in three dimensions, an en-
deavor that is only tractable using GCMs. Several groups have
now successfully adapted GCMs to model exoplanetary atmo-
spheres and are obtaining consistent results. Some outstanding
technical issues remain, but it is clear that three-dimensional
models are necessary if one wishes to predict not just the spec-
tral appearance of exoplanets, but simultaneously their phase
curves and temporal behavior. As the astronomical state-of-
the-art advances, the exoplanets being discovered will be more
Earthlike, both in size and temperature, with the implication
that GCMs will become even more relevant.
Earthlike Exoplanets
We are only starting to understand the basic properties of
hot Jupiters, including why some appear more inflated than oth-
ers and why some appear to redistribute heat more efficiently
from their day-side to their night-side hemispheres. In the cases
of HD 189733b and HD 209458b, simulated spectra and phase
curves—the latter of which constrains the efficiency of heat
redistribution—that are computed using GCMs are able to match
their observed counterparts fairly well. Until the next genera-
tion of space telescopes becomes operational, these examples
remain the cornerstones of our understanding of exoplanetary
atmospheres.
HD 189733b is noninflated, meaning that its radius and
mass are well matched by standard evolutionary theories of
exoplanets (which predict the size of an exoplanet as it cools
down from the primordial heat of formation). It also appears
to be shrouded in haze of unidentified chemistry, because its
spectrum in the optical—obtained via the Hubble Space Tele-
scope by Fre´de´ric Pont and David Sing of Exeter University,
together with their collaborators—reveals a smooth, featureless
slope consistent with Rayleigh scattering (the same process that
causes the color of the sky as observed from Earth by preferen-
tially affecting bluer sunlight).
By contrast, HD 209458b is free of haze, but it is markedly
larger than expected from evolutionary calculations. Theoreti-
cal ideas for radius inflation include the suggestion that partially
ionized, hot Jovian atmospheres behave like giant electrical cir-
cuits, which when advected past an ambient magnetic field in-
voke Lenz’s law on a global scale: Nature abhors a change in
magnetic flux. Electric currents and opposing forces are in-
duced to counteract the horizontal winds; the consequent con-
version of mechanical energy into heat, called Ohmic dissipa-
tion, is believed to be responsible for keeping some hot Jupiters
inflated. However, it remains to be proven if hot Jupiters even
possess magnetic fields like those of Earth and some of the So-
lar System planets. This field of research remains active.
The study of hot Jupiters remains relevant because we al-
ready have the data to inform our hypotheses and modeling ef-
forts, thereby affording us the opportunity to sharpen our the-
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oretical tools—as much of the salient physics is identical—
before applying them to Neptunelike or even Earthlike exoplan-
ets, for which the data are currently scarce or nonexistent. For
many researchers, the ultimate prize is more familiar: to detect
the spectrum of an Earthlike exoplanet orbiting a Sunlike star,
and thereby answer age-old questions about the existence of ex-
traterrestrial life. More succinctly, one wishes to establish if the
solitary example of an Earth twin in orbit around a solar twin
is the only possible cradle for life in the Universe. At the mo-
ment, such a quest remains elusive and appears out of the reach
of even the next generation of space telescopes.
Instead, astronomers such as David Charbonneau of Har-
vard University and Jill Tarter of the SETI Institute have argued
that a promising route toward detecting potentially habitable su-
per Earths—Earthlike exoplanets with masses and radii some-
what larger than those of Earth—is to hunt for them around M
stars (also known as red dwarfs). These diminutive cousins of
our Sun, with only a tenth to half of its mass, comprise about
three-quarters of the stellar population in our galactic neigh-
borhood. There are several advantages to scrutinizing M stars:
They are cooler in temperature than Sunlike stars, implying
that their exoplanets may reside 10 to 100 times closer and
yet still be able to harbor liquid water on their surfaces. Be-
ing more proximate to their M stars renders these exoplanets
more amenable to detection via current, established astronom-
ical techniques—namely, transit and radial velocity measure-
ments. However, the price to pay is that they are expected to be
spin synchronized and possess permanent day- and night-side
hemispheres, much like their hot Jovian brethren. Such an ex-
pectation has led to theoretical concerns that their atmospheres
may collapse due to the main constituent molecules condens-
ing out on the frigid night sides. The astronomical approach
to this conundrum is to charge forward with making new and
better observations—after all, the answer is ultimately revealed
by the data. For example, for the super Earth GJ 1214b, trans-
mission spectra have already been obtained, but interpretations
about its atmospheric composition remain controversial.
Better Telescopes
Experimentally, the next leap is to build dedicated, space-
based telescopes capable of measuring high-resolution spectra
of exoplanets over protracted periods of time. Astronomers
around the world are mobilizing to launch such missions as the
Exoplanet Characterization Observatory (EChO) and the Fast
Infrared Exoplanet Spectroscopy Survey Explorer (FINESSE),
as proposed to the European Space Agency (ESA) and the Na-
tional Aeronautics and Space Agency (NASA), respectively. If
and when these missions—or their successors—eventually fly
(in the next decade or two), they will deliver a bounty of both
spectral and temporal information on hundreds of exoplanets,
from which we may infer their atmospheric chemistry, dynam-
ics and climates. With a richly sampled data set of the emitted
light from point-source exoplanets over time, one may construct
a power spectrum that elucidates the characteristic time scales
on which an exoplanet is flickering, indicating changes in tem-
perature. Such a power spectrum of the atmosphere has been
spectacularly constructed for the Earth’s surface, spanning time
scales of under a day (diurnal variations) to many millennia
(called Milankovitch cycles, and inferred from the geological
record). Certainly, space missions are saddled with demands
that will not allow for the construction of power spectra on
time scales longer than a few months, but it is likely that many
of the characteristic peaks in the power spectra will be com-
pressed into a shorter time span for close-in exoplanets such as
hot Jupiters and super Earths.
The onus is on the theoretical community to lay down the
foundation for understanding the climates of point-source exo-
planets in general, thus moving us a step closer toward making
more robust statements about their habitability.
References
[1] Burrows, A., et al. 1997, “A Nongray Theory of Extrasolar Giant Planets
and Brown Dwarfs”, Astrophysical Journal, 491, 856
[2] Charbonneau, D., et al. 2009, “A super-Earth transiting a nearby low-
mass star”, Nature, 462, 891
[3] Fortney, J.J., Shabram, M., Showman, A.P., Lian, Y., Freedman, R.S.,
Marley, M.S., & Lewis, N.K. 2010, “Transmission Spectra of Three-
dimensional Hot Jupiter Model Atmospheres”, Astrophysical Journal,
709, 1396
[4] Guillot, T., & Showman, A.P. 2002, “Evolution of 51 Pegasus b-like
planets”, Astronomy & Astrophysics, 385, 156
[5] Held, I.M. 2005, “The Gap between Simulation and Understanding in
Climate Modeling”, Bulletin of the American Meteorological Society, 86,
1609
[6] Heng, K., Menou, K., & Phillipps, P.J. 2011, “Atmospheric circulation
of tidally locked exoplanets: a suite of benchmark tests for dynamical
solvers”, Monthly Notices of the Royal Astronomical Society, 413, 2380
[7] Heng, K., Frierson, D.M.W., & Phillipps, P.J. 2011, “Atmospheric cir-
culation of tidally locked exoplanets: II. Dual-band radiative transfer and
convective adjustment”, Monthly Notices of the Royal Astronomical Soci-
ety, 418, 2669
[8] Heng, K., Hayek, W., Pont, F., & Sing, D.K. 2012, “On the effects
of clouds and hazes in the atmospheres of hot Jupiters: semi-analytical
temperature-pressure profiles”, Monthly Notices of the Royal Astronomi-
cal Society, 420, 20
[9] Knutson, H.A., et al. 2007, “A map of the day-night contrast of the ex-
trasolar planet HD 189733b”, Nature, 447, 183
[10] Madhusudhan, N., et al. 2011, “A high C/O ratio and weak thermal in-
version in the atmosphere of exoplanet WASP-12b”, Nature, 469, 64
[11] Peixo´to, J.P., & Oort, A.H. 1984, “Physics of climate”, Reviews of Mod-
ern Physics, 56, 365
[12] Pierrehumbert, R.T. 2010, “Principles of Planetary Climate” (New York:
Cambridge University Press)
[13] Snellen, I.A.G., de Kok, R.J., de Mooij, E.J.W., & Albrecht, S. 2010,
“The orbital motion, absolute mass and high-altitude winds of exoplanet
HD 209458b”, Nature, 465, 1049
[14] Seager, S., & Sasselov, D.D. 2000, “Theoretical Transmission Spectra
during Extrasolar Giant Planet Transits”, Astrophysical Journal, 537, 916
[15] Seager, S. 2010, “Exoplanet Atmospheres” (New Jersey: Princeton Uni-
versity Press)
[16] Showman, A.P., & Guillot, T. 2002, “Atmospheric circulation and tides
of “51 Pegasus b-like” planets”, Astronomy & Astrophysics, 385, 166
[17] Showman, A.P., Fortney, J.J., Lian, Y., Marley, M.S., Freedman, R.S.,
Knutson, H.A., & Charbonneau, D. 2009, “Atmospheric Circulation of
Hot Jupiters: Coupled Radiative-Dynamical General Circulation Model
Simulations of HD 189733b and HD 209458b”, Astrophysical Journal,
699, 564
[18] Showman, A.P., & Polvani, L.M. 2011, “Equatorial Superrotation on
Tidally Locked Exoplanets”, Astrophysical Journal, 738, 71
[19] Sing, D.K., et al. 2011, “Hubble Space Telescope transmission spec-
troscopy of the exoplanet HD 189733b: high-altitude atmospheric haze in
the optical and near-ultraviolet with STIS”, Monthly Notices of the Royal
Astronomical Society, 416, 1443
[20] Tarter, J., et al. 2007, “A Reappraisal of the Habitability of Planets
Around M Dwarf Stars”, Astrobiology, 7, 30
